In cloud forests, foliar uptake (FU) of water has been reported for numerous species, possibly acting to relieve daily water and carbon stress. While the prevalence of FU seems common, how daily variation in fog timing may affect this process has not been studied. We examined the quantity of FU, water potentials, gas exchange and abiotic variation at the beginning and end of a 9-day exposure to fog in a glasshouse setting. Saplings of Abies fraseri (Pursh) Poir. and Picea rubens Sarg. were exposed to morning (MF), afternoon (AF) or evening fog (EF) regimes to assess the ability to utilize fog water at different times of day and after sustained exposure to simulated fog. The greatest amount of FU occurred during MF (up to 50%), followed by AF (up to 23%) and then EF, which surprisingly had no FU. There was also a positive relationship between leaf conductance and FU, suggesting a role of stomata in FU. Moreover, MF and AF lead to the greatest improvements in daily water balance and carbon gain, respectively. Foliar uptake was important for improving plant ecophysiology but was influenced by diurnal variation in fog. With climate change scenarios predicting changes to cloud patterns and frequency that will likely alter diurnal patterns, cloud forests that rely on this water subsidy could be affected.
Introduction
The importance of fog to ecosystems has been considered and debated for centuries (e.g., Hales 1757 , Stone 1957a , 1957b , but only in recent years has our development of new techniques such as high-precision sap flow, gas exchange and stable isotopes allowed us to apply this to the water balance, carbon relations and ecological processes of cloud forests (e.g., Dawson 1998 , Bruijnzeel et al. 2011 , Berry and Smith 2013 . Fog can enhance stomatal opening throughout a day, reduce extreme temperatures and radiative stresses, and increase plant water potentials via condensation drip and foliar uptake (FU) of water (Johnson and Smith 2006 , Breshears et al. 2008 , Reinhardt and Smith 2008 , Limm et al. 2009 , Berry and Smith 2012 . The prevalence of fog has been functionally linked to the distributions of several ecosystems, including epiphytes and redwood trees of the Pacific Northwest, USA, the coffee forests of Angola, the Loma vegetation in Peru, many tropical montane cloud forests throughout Central and South America and the forests in this study, the relic spruce-fir forests of the southern Appalachian Mountains, USA (Cogbill and White 1991, Weathers 1999) . While these ecosystem types vary in structure and species composition, the physiological mechanisms underlying the beneficial effects of fog seem to be similar. These include increases in leaf wetting leading to reduced transpirational water loss and/or reversed sap flow and FU (Burgess and Dawson 2004 , Limm et al. 2009 , Berry and Smith 2012 , Eller et al. 2013 , Gotsch et al. 2014 .
While fog is a common occurrence in these ecosystems, it does not occur all the time. In fact, many of these forests experience dramatic seasonality in fog frequency (Dawson 1998 , Holwerda et al. 2010 . Additionally, there are times through a day where certain ecosystems are more likely to experience fog. For example, in the southern Appalachian spruce-fir forests most fog occurs during the morning hours, in the Peruvian Andes fog is frequently in the midday and afternoon hours, and in the coastal California redwood forests fog seems more common during the night (Limm et al. 2009, Berry and Smith 2012, M. Silman, personal communication) . This has led some to propose that plants in these ecosystems are not only adapted to fog, but adapted to utilize it at these particular times of day (Berry and Smith 2013) . To this point, we examined how fluctuation in the timing of daily fog regimes affects FU and physiological functioning during fog events.
While in some instances leaf wetting can hinder carbon exchange through stomatal pores, it can also significantly improve plant water status through reduced transpirational water loss and the addition of surface water into the leaf (Smith and McClean 1989 , Brewer and Smith 1995 ). Foliar uptake of water is the phenomenon whereby intercepted water on leaf surfaces is absorbed into the leaf, and has now been demonstrated in over 70 species worldwide (Boucher et al. 1995 , Martin and von Willert 2000 , Gouvra and Grammatikopoulos 2003 , Limm et al. 2009 , Goldsmith et al. 2013 . These species span a wide range of plant families, including some that do not occur in 'cloud forests', suggesting that this mechanism may be more ubiquitous than previously thought and simply requires leaf wetting events. Foliar uptake has been demonstrated for both species studied here (Abies fraseri (Pursh) Poir. and Picea rubens Sarg.), contributing as much as 6.5% of total leaf water content in a 24-h simulated fog period. Under field conditions, fog water contributed up to 31 and 24% to total leaf water content in A. fraseri and P. rubens, respectively .
Southern Appalachian spruce-fir forests experience fog on 60-75% of growing season days, with 80% of those days having morning fog (Berry and Smith 2012) . These relic forests only exist above ~1500 m elevation at seven locations in Virginia, North Carolina and Tennessee, and have been suggested to co-occur with the prevalence of fog (Oosting and Billings 1951 , Ramseur 1960 , White 1984 , Cogbill and White 1991 . Moreover, current climate models for cloud forest regions suggest that, in general, clouds will become less frequent and cloud ceilings will rise with warmer air temperatures (Pounds et al. 1999 , Still et al. 1999 , Foster 2001 , Richardson et al. 2003 , Brient and Bony 2012 . However, it is difficult for these models to predict changes in the seasonal or diurnal patterns that are currently unique to these cloud forests. It is, thus, important for scientists to examine how these species and their communities will be affected by changes in cloud regimes. Because these southern Appalachian forests harbor many endemics, including A. fraseri, and they are constrained to a small elevational band on only a few refugial peaks, ecophysiological data linking their persistence to interactions with cloud regimes may provide a more mechanistic insight that can be applied to a broader geographic scale.
The present study addresses how changes to the time of day of fog will affect FU, carbon balance, stomatal control, xylem water potentials and leaf wetness of saplings of A. fraseri and P. rubens, the dominant canopy species in southern Appalachian spruce-fir forests. While fog occurs at all times of day in these cloud forests, it rarely occurs through the entire day. This variation leads to fog days with distinct diurnal patterns that can have differential effects on plant ecophysiology. Thus, in a glasshouse, we exposed saplings to morning fog (MF), afternoon fog (AF) and evening fog (EF) regimes and measured the parameters above on the first or second day of fog and after 9 days of exposure. Mechanistically, if FU varies with stomatal conductance, cellular photosynthetic activity or light availability, an increase in FU during MF would be expected. Additionally, under foggy conditions in the field, morning hours have significantly greater values of leaf-level photosynthesis and greater water potentials than clear days and thus we expect similar ecophysiological improvements in this study (Berry and Smith 2013) . Because fog regimes still aid plant water conservation through reduced transpiration values, AF and EF both were likely to result in improvements in ecophysiological parameters over control plants as well, but not as strongly as the MF regime. Previous work (e.g., Berry and Smith 2013) has reported a greater physiological response to fog in A. fraseri than in P. rubens and, thus, we predicted a similar result in this experiment.
Materials and methods
We conducted a glasshouse experiment to examine the responses of A. fraseri and P. rubens to three daily fog regimes, MF, AF and EF. Saplings of each species were randomly assigned to one of four groups: 6 h of fog at one of the three designated times or a control with no fog. We measured photosynthetic responses, plant water potentials and stable isotopic values of sapling needles both at the beginning and at the end of a 9-day period. By controlling the isotopic composition of cloud and soil water, we were able to determine if the isotope composition of needle water was affected by exposure to fog water. Previous field studies have demonstrated that morning hours are the most common period for fog in these, and other, temperate cloud forests. This study addresses whether the time of day of fog influenced ecophysiological parameters in these species.
Species
Abies fraseri (Fraser Fir) and Picea rubens (Red Spruce) grow in threatened spruce-fir communities of the southern Appalachian Mountains that experience cloud immersion on 60-75% of all days during the growth season (Saxena and Lin 1990 , Mohnen 1992 , Baumgardner et al. 2003 , Berry and Smith 2012 . Cloud immersion and rainfall both occur consistently throughout the year with no distinct seasonality (Berry and Smith 2012) . Abies fraseri is endemic to these temperate cloud forests, which only remain on seven mountaintop areas in the southern Appalachians (Ramseur 1960) . Because of this endemism and the rarity of temperate cloud forest communities, these studies are of particular interest in understanding sapling responses to changes in climatic factors such as fog.
Saplings were collected from three different sites on Mt Mitchell, NC (Mt Mitchell State Park, 35°45′53″N, 82°15′54″W), the highest point in the eastern USA (2037 m), and transported back to a glasshouse with their root masses (~0.3 m 3 soil collected) contained in plastic bags lined with damp cloths in a cooler. All saplings used in this study were between 0.30 and 0.45 m tall, estimated to be between 5 and 10 years old, and
had not yet reached a reproductive age. Saplings were transplanted into 7.3-l pots filled with Metro Mix 360 potting soil (Sun Gro Horticulture, Vancouver, Canada). Saplings acclimated for 8 weeks to glasshouse conditions of daytime highs 20-25 °C, daily absolute humidity averaging ~5 g m −3 and midday photosynthetic photon flux density (PPFD) ~1500 µmol m −2 s −1 . Pots were watered with ~500 ml of water every 3 days to keep soil volumetric water content above 25% similar to field conditions (K. Reinhardt, personal communication) . Watering ceased once the fog experiment began.
Experimental setup
Four chambers were constructed with clear, polyvinyl sheeting, measuring 0.9 × 1.6 × 0.8 m, and equipped with two electric, waterproof fans to circulate fog throughout the chamber (Adda AQ series, Brea, CA, USA). Four saplings of each species (A. fraseri and P. rubens) were randomly assigned to one of four chambers and to a position within the chamber. Chambers were monitored before the onset of fog treatments to ensure no variation in temperature or sunlight between chambers due to location within the greenhouse. Each chamber was assigned one of the four treatments: MF (700-1300h), AF (1200-1800h), EF (1800-0000h) or no fog (control). These were chosen as all three fog regimes here are seen in the field throughout the growing season. All fog treatments ran for 9 days. In the cloud chambers, fog was generated using a five-disk ultrasonic foggenerating device (Chaoneng Electronics, Nanhai, Guangdong, China) sitting in a 5-l distilled water reservoir. Each reservoir was supplied with water from the same 200-l reservoir located centrally to all chambers using half inch plastic tubing and a passive control valve (Hudson Valve, Bakersfield, CA, USA). The chambers were equipped with HOBO Pro v2 sensors and data loggers (Model U23-001, Onset, Bourne, MA, USA) to monitor air temperature and humidity every 15 min. The sensors had previously been calibrated with ventilated and shielded, finewire thermocouple psychrometers (36 ASW gauge). To measure PPFD (µmol m −2 s −1 , 0.4-0.7 µm wavelengths), each chamber was equipped with a Photosynthetic Light-Smart Sensor (Model S-LIA-M003, Onset, Bourne, MA, USA) connected to a fourchannel HOBO Micro Station Data Logger (Model H21-002, Onset) programmed to log every 15 min. Photosynthetic photon flux density sensors were matched against a Li-Cor (Lincoln, NE, USA) quantum sensor (Model 190S).
Leaf-level gas exchange, xylem water potentials and leaf wetness
Leaf gas exchange was measured with a Li-Cor LI-6400 model portable photosynthesis system using the clear conifer chamber (Li-Cor) on Days 2 and 8 of the fog treatments. These days were chosen to examine stomatal responses after 1 day of each fog regime and then again after a week of fog exposure to determine if extended periods of fog resulted in differential responses. Gas exchange was measured at 900, 1200 and 1500 h on mature shoots at mid-sapling heights on all four saplings of each species in each chamber. When gas exchange measurements were made during fog treatments, each chamber was rigged with a port to allow the individual shoot outside of the chamber, the shoot was then thoroughly blotted dry with tissue paper and immediately inserted into the cuvette. Leaf conductance values were discarded if conductance seemed extraordinarily high, likely due to moisture still on the surface of the shoot. Additionally, air temperature and relative humidity inside the leaf chamber were regulated to be within ±5% of ambient values by setting relative humidity to that value within the chamber, controlling the humidity of the air into the cuvette and adjusting the flow rate accordingly. Total PPFD varied with time of day, generally <400 µmol m −2 s −1 during morning measurements and between 500 and 900 µmol m −2 s −1 during midday and afternoon measurements. Total leaf area in the cuvette was calculated by counting the number of leaves in the chamber and using a mean total leaf area determined by leaf area measurements (as described in Smith et al. 1991) .
Xylem water potentials of terminal shoots were measured using a Scholander type pressure chamber (Model 1000, PMS Instruments, Corvallis, OR, USA) on Days 1, 5 and 9 of the fog treatments. Water potentials were taken at 700h (predawn), 1100h (morning) and 1500h (afternoon) on one shoot of all four saplings per species in each chamber. Two leaf wetness sensors (Model S-LWA-M003, Onset) were mounted on opposite sides of each chamber, connected to a four-channel HOBO Micro Station Data Logger (Model H21-002, Onset) and set to log every 15 min. Sensors were calibrated before the experiment to determine the relative threshold sensor value that resulted in leaf wetness in each species. Values presented are the mean leaf wetness for each chamber.
Isotope experiment and FU of water
We examined the influence of each fog regime on the isotopic composition of needle tissue with a focus on the potential for FU on Day 1 of experimental fog exposure and after 9 days of exposure. To separate soil water isotopic composition and fog isotopic composition, each pot was wrapped entirely with polyvinyl plastic and attached with a waterproof adhesive to the primary shoot at the soil surface. We measured the change in the isotopic composition of both hydrogen (δ 2 H) and oxygen (δ 18 O) of each sapling from before fog exposure to immediately after termination of the fog treatment. To ensure enough needle tissue for the water extraction process, ~0.6 g of P. rubens and ~1.0 g of A. fraseri were taken from each sapling (four saplings per species per chamber). Needles were clipped from multiple locations on each plant, rinsed with deionized water to remove residual fog water on the plant surface, thoroughly hand-dried, immediately sealed in a 60-ml glass vial reinforced with the laboratory film and placed in a −10 °C freezer until water extraction occurred (Limm et al. 2009 ).
Fog water was enriched before the experiment with a calculated quantity of 99.9% deuterium oxide (Sigma Aldrich, St Louis, MO, USA) to ~72‰ δ 2 H (Vienna standard mean ocean water-VSMOW), well above the likely δ 2 H of any saplings in the experiment. Burgess and Dawson (2004) had previously confirmed that the ultrasonic fog-generating device does not cause significant fractionation. To ensure that the isotopic composition of the fog and soil water did not change during the course of the experiment, we took samples of both before and after each measurement period. Fog water (3.5-ml vials) and soil (30-ml vials) were collected and stored at −10 °C until extraction or spectroscopy measurements occurred. While water was not collected off the leaf surface immediately before uptake, we are confident that fog and leaf surface water isotope ratios were nearly identical due to the saturated environment (relative humidity 100%) and presence of constant, dense water particles in the air. This led to a saturated equilibrium between fog and leaf surface water where the values of the two were likely very similar or within the error of uncertainty.
Water was extracted from needle and soil samples using cryogenic vacuum distillation at the SIRFER laboratory at the University of Utah (Ehleringer et al. 2000) . Four replicate injections of each sample were analyzed using isotope-ratio infrared spectroscopy by introduction into a wavelength-scanned cavity ring-down spectrometer water analyzer (Model L1102-I, Picarro, Sunnyvale, CA, USA). Laser-based isotopic analysis can be sensitive to error introduced by certain secondary organic contaminants (West et al. 2010) . To minimize any possible effects, the isotopic enrichment of fog water was well above any possible measured offsets from plant stable isotope ratios and reported data are the average of the third and fourth injections. Three laboratory reference materials were also run through the spectrometer, calibrated to the Vienna Standard Mean Ocean Water (VSMOW), and used to calibrate sample measurements. The average uncertainty from the reference materials was 1.77‰ for δ 2 H and ±0.17‰ for δ 18 O. All isotopic compositions are expressed in delta notation (δ 2 H‰) relative to the VSMOW standard.
Data analysis
To determine the relative proportion of leaf water contributed by fog, a linear, two-source mixing model was applied (Dawson et al. 2002 , Gotsch et al. 2014 ):
where f A is the fraction of water contributed by fog, δ A is the isotopic ratio of enriched fog water, δ B is the isotopic ratio of water in the leaf immediately before the onset of fog and δ t is the isotopic ratio of water in the leaf immediately following fog. If the isotopic value decreased, which would lead to a negative value from the mixing model, the relative contribution of fog water to plant water is stated as zero. All comparisons of ecophysiological data were tested for statistical significance using a two-factor analysis of variance (ANOVA) examining the effects of fog treatment and species following appropriate evaluations of normality and equality of variance (Zar 1999) . In the text, P-values are reported only if the relationship was statistically significant. Correlations were tested between ecophysiological variables and the change in isotopic ratios between before and after fog treatments. All analyses and figures were generated using JMP (SAS, Cary, NC, USA) or SigmaPlot v. 12 (Systat Software, San Jose, CA, USA).
Results

Temperature, humidity, PPFD and leaf wetness
Although all three experimental chambers received 6 h of fog, the change in time of day significantly altered the diurnal fluctuations of abiotic variables. Mean daily air temperatures ranged from 13.7 ± 0.49 °C during MF to 14.8 ± 0.45 °C during EF, similar to temperatures seen under field conditions (Berry and Smith 2013) . Mean and maximum daily temperatures were greater during EF and AF than control and MF chambers (Table 1) . Similarly, and as expected, the mean and maximum daily humidity was greater in the experimental chambers than in the control chambers. Maximum absolute humidity was almost double the control chamber (10.92 ± 0.67 g m −3 ) in experimental chambers, ranging from 18.70 ± 1.12 g m −3 in the EF chamber to 20.94 ± 1.29 g m −3 in the AF chamber. The MF and AF chambers had the lowest PPFD as fog occurred through midday when PPFD is typically greatest. There were strong differences in the number of hours of leaf wetness. Complete leaf wetness began within 15 min of fog onset in all three treatments, similar to observed wetness in the field. In the MF chamber, moisture on leaves evaporated within 30 min of the cessation of fog (average 5.89 ± 0.09 h per day). In the AF and EF chambers, leaf wetness persisted for 15.63 ± 1.37 and 13.06 ± 0.91 h, respectively, presumably due to the fact that fog ceased during periods with lower atmospheric water demand.
Foliar uptake of water
Foliar uptake of water occurred in both A. fraseri and P. rubens as evidenced by the change in leaf water δ 2 H in the direction of enriched fog water (Figure 1 ). The enriched fog water δ 2 H was 71.6 ± 1.2‰, while the soil water was −8.7 ± 2.2‰. All needle δ 2 H values were between these two values when the experiment began and increased following fog exposure when FU occurred. The δ 2 H of soil water did not change significantly during the experiment (0.27 ± 3.6‰), indicating that there was no leakage of condensed fog water into the soil or isotopic enrichment. Using a mathematical mixing model, we found that the timing of fog exposure had a dramatic effect on the relative contribution of fog water to needle water (Figure 1 ). Foliar uptake was greatest during MF on Day 1 of the experiment, with fog water contributing 46.6 ± 8.7 and 55.0 ± 1.9% of needle water in A. fraseri and P. rubens, respectively. With the exact same duration of fog, the contributions to needle water were less in the AF treatment, contributing ~23% in both species (Figure 1) . Surprisingly, there was no FU during EF.
When FU was measured again, after 9 days of fog exposure, fog water contributed less to leaf water. In A. fraseri, fog contributions during MF dropped to 29.5 ± 3.5%, still making a significant contribution to leaf water. The contribution of fog in AF remained similar to Day 1, but with greater variation, suggesting that there were different responses between individuals. For P. rubens, saplings in both MF and AF had strong decreases in the contribution of fog water to 8.1 ± 9.0 and 8.5 ± 2.7%, respectively (Figure 1 ). On Day 9, there was again no contribution of fog water to needle water when plants experienced fog in the evening. Because of the strong association with time of day for fog occurrence, we tested the relationship between leaf conductance and FU. There was a significant positive relationship (F 1,24 = 14.78, P < 0.001, r 2 = 0.38) between these two variables, suggesting a possible influence of leaf conductance on FU (Figure 2 ). There was no relationship between FU and leaf water potentials or between leaf conductance and water potentials during fog events (data not shown).
Leaf gas exchange
Using a two-factor ANOVA, there was a significant effect of the timing of fog on net photo synthesis (F 7,178 = 6.34, P < 0.001), leaf conductance (F 7,178 = 5.40, P = 0.001) and transpiration (F 7,178 = 12.26, P < 0.001) (Figures 3 and 4) . Additionally, Fog timing influences foliar uptake 5 there was an overall species effect on photosynthesis only (F 1,178 = 10.93, P = 0.001), with P. rubens having greater photosynthesis. There were no interaction effects between fog treatment and species or time of measurement across all subsequent analyses presented. While there was no difference in morning (900 h) photosynthesis or leaf conductance, there was a significant decrease in transpiration (F 3,54 = 118.27, P < 0.001) driven largely by the very low transpiration rate in the MF chamber (Figure 3) . Consistent with field measurements for understory saplings (e.g., Berry and Smith 2013) , morning net photosynthesis was in the range 1.10-2.55 µmol m −2 s −1 for A. fraseri and 2.09-3.99 µmol m −2 s −1 for P. rubens. Maximum daily leaf conductance occurred only during morning measurements and was similar for both species, ranging from 0.24 to 0.35 mol m −2 s −1 . The presence of fog did not inhibit maximum photosynthesis or leaf conductance values. Morning transpiration values were high (1.77-2.67 mmol m −2 s −1 ) for all chambers except for the saplings experiencing MF treatment which, due to the lower vapor gradient from the leaf to the air, transpired at 0.17-0.44 mmol m −2 s −1 (Figures 3 and 4 ). There were also significant differences between fog regimes in midday (1200 h) net photosynthesis (F 3,54 = 8.56, P < 0.001) and transpiration (F 3,54 = 46.00, P < 0.001), but not midday leaf conductance (Figure 3 ). Saplings experiencing AF had greater midday net photosynthesis than all the other plants. Saplings in MF still had very low transpiration rates at midday relative to all the other chambers driven by the presence of cloud mist still in the chamber (Figure 4 ). There was a significant effect of the day of the experiment, with significant increases in midday net photosynthesis in all three fog regimes after 8 days of fog (MF F 1,12 = 52.17, P < 0.001; AF F 1,12 = 22.22, P < 0.001; EF F 1,12 = 15.29, P = 0.012; control chamber not significant). These increases were in the range 0.9-1.8, 0.8-1.8 and 0.8-1.3 µmol m −2 s −1 in the MF, AF and EF treatments, respectively (Figures 3 and 4) . This corresponded to no increases in control plant net photosynthesis or changes in midday leaf conductance or transpiration rates.
There were significant differences between fog regimes in afternoon net photosynthesis (F 3,54 = 7.21, P < 0.001), leaf conductance (F 3,54 = 14.11, P < 0.001) and transpiration (F 3,54 = 54.01, P < 0.001). All experimental fog chambers had greater photosynthesis than control saplings, with the difference being more pronounced after 8 days of fog (Figures 3  and 4) . Morning and afternoon fog treatments had greater afternoon net photosynthesis-always >1.5 µmol m −2 s −1 and up to 3.6 µmol m −2 s −1 . Afternoon net photosynthesis was greater on Day 8 compared with Day 2. Leaf conductance remained >0.2 mol m −2 s −1 for all plants exposed to fog, while afternoon conductance in control plants was <0.07 mol m −2 s −1 . Afternoon transpiration was greatest in MF and EF saplings driven by the high afternoon stomatal conductance. Afternoon transpiration was very low (<0.5 mmol m −2 s −1 ) in control and AF saplings.
Water potentials
There was a significant effect of fog treatment (F 3,271 = 50.91, P < 0.001) on xylem water potentials, with all fog chambers experiencing greater water potentials than control plants. Morning (1100 h) and afternoon (1500 h) water potentials were significantly greater in plants that experienced MF and AF ( Figure 5 ; morning F 3,85 = 32.17, P < 0.001; afternoon F 3,85 = 70.82, P < 0.001). Water potentials during MF remained > −1.0 MPa for the entire day throughout the experiment. On Day 1, plants in AF decreased to −1.2 to −1.5 MPa by midday, but by Day 9 morning and afternoon water potentials had improved and remained > −1.0 MPa for the entire day ( Figure 5 ). Saplings in EF also had significantly greater water potentials than controls, although the magnitude of this effect was smaller than for MF and AF. After 9 days, predawn, morning and afternoon water potentials in control plants were significantly lower than all cloud-immersed plants. Minimum daily water potentials in control plants reached −1.75 to −2.0 MPa. There was also a significant species effect on water potentials (F 1,271 = 8.23, P = 0.005), with A. fraseri having greater values. There were no differences between treatments in predawn water potentials on Day 1, indicating that water potentials were similar for all plants at the beginning of the experiment.
Discussion
Importance of daily immersion timing for FU of water
For saplings from a fog-adapted conifer ecosystem, FU of fog water was dependent on the time of day that the fog experience occurred. Foliar uptake occurred during morning (MF) and afternoon (AF) hours, while no significant FU occurred during evening (EF) hours. During MF, as much as half of leaf water came from FU, which declined to a quarter of total leaf water during AF. The fact that no FU occurred during EF was surprising because uptake has been found to occur at night for other species (Limm et al. 2009 , Eller et al. 2013 , Gotsch et al. 2014 . In southern Appalachian cloud forests, cloud immersion occurs most frequently during morning hours (Berry and Smith 2012) , perhaps suggesting that both species are highly adapted to utilize fog water during the MF periods or that the utilization is different in our study species. The largest contributions of fog water were in saplings experiencing low water stress following 8 weeks of glasshouse acclimation and no exposure to cloud immersion; thus no previous exposure was necessary for FU to occur. However, the fact that there was variation across fog treatments suggests that the utilization of this subsidy is not necessarily universal. Fog contributed significantly less to leaf water on Day 9 in MF and AF treatments. While FU has been demonstrated in a growing number of species across a wide range of phylogenies and growth habits (Goldsmith et al. 2013) , this study suggests that the utilization of fog water does not simply occur when leaves are wet or plants are water stressed and may be an active, selective process. There are likely a complex set of interactions between numerous variables including environmental factors Fog timing influences foliar uptake 7 [vapor pressure deficit (VPD), temperature and time of day], the plant's need for an additional water subsidy and an adaptive mechanism that drives the utilization of fog water.
During fog conditions in the field and glasshouse, needles of both species stay wet despite the fact that these species (and conifers generally) are thought of as having hydrophobic needle surfaces (Reed and Smith 2012) . Contact angles for both species across multiple sites average over 90°, which is generally considered non-wettable (Aryal and Neuner 2010, Reed and . Thus, during high fog periods where water particles are intercepted by leaf surfaces, these 'non-wettable' surfaces still retain sufficient water for FU to occur. Saplings in the MF treatment had high leaf wetness throughout the fog treatment but this surface water was absorbed by the leaf or evaporated following cessation of fog, likely driven by the high temperature and sunlight in the middle of the day (Table 1) . Saplings in the AF and EF treatments had much greater leaf wetness durations (15.63 ± 1.37 and 13.06 ± 0.91h, respectively) driven by similar processes of lower quantities of FU and less evaporative demand at the times where fog ceased. Thus a prolonged leaf surface wetness does not result in greater FU in our study species, further reaffirming the idea that this process may be selective. While FU did not occur at night, prolonged leaf wetness through nighttime hours may aid in plant hydraulic maintenance by limiting the nighttime transpiration that can occur (Eller et al. 2013) .
The pathway for FU likely varies across species but has been difficult to demonstrate to this point. Some have proposed specialized structures such as absorbent trichomes and hydathodes (Benzing et al. 1978, Martin and von Willert 2000) while in the absence of these structures there is debate over whether it is stomatal or cuticular (Jagels 1991 , Limm et al. 2009 , Eller et al. 2013 , Goldsmith et al. 2013 . The crux of this conversation lies in fundamental physical tenets of plant ecophysiology. If the pathway were stomatal, water film would have to cover stomata, severely limiting CO 2 uptake (Smith and McClean 1989) . Alternatively, leaf cuticles are adapted to be selectively permeable. The permeability of leaf surfaces is based on the chemical composition of protective waxes and varies across the surface (Shepherd and Wynne Griffiths 2006) . In this study, we found a positive relationship between leaf conductance and the uptake of fog water (Figure 2 ). While this does not demonstrate stomatal uptake, it does suggest that stomatal opening may play some role, likely in concert with the cuticle, in facilitating FU. We believe that with the present data, neither pathway can currently be excluded. In A. fraseri, stomata occur in two distinct depressions on the underside of the needle and in a small bunch on the top of the needle at the tip (Reed and Smith 2012) . Most leaf wetting events in this system occur on the top of needles, and when the needle is inclined, water frequently collects at the tips (Z.C. Berry, personal observation). Theoretically, FU could occur through the cuticle or stomata at needle tips while stomata on the underside still easily take in CO 2 . Alternatively, the correlation between leaf conductance and FU could be explained by other processes that vary diurnally such as numerous light-or temperature-limited cellular processes. However, in this study no relationship was found between FU and water potentials, leaf wetness or PPFD (data not shown). Presently, elucidating the pathway (or multiple pathways) of this entry into the leaf and understanding the drivers that dictate FU are pressing questions that are pivotal to understanding the evolution of this trait and its adaptive significance.
Foliar uptake reduces water loss and improves carbon gain
The presence of fog and occurrence of FU resulted in significant improvements in plant water status and carbon uptake. For A. fraseri on Day 1, following 2 months of no fog exposure, plant water potentials were greater than control plants Fog timing influences foliar uptake 9 in the MF and AF regimes (Figure 5a ). Morning fog resulted in the greatest water potentials throughout the day (remaining mostly above −1.0 MPa), and following 9 days of fog exposure, all plants had greater water potentials than control plants. The afternoon water potentials were greatest in plants that experienced the most FU to that point in the day (MF and AF; Figure  5 ). The high afternoon water potentials in MF saplings are likely driven by the fact that these plants also had the greatest FU (~50% on Day 1) and the lowest daily transpirational water loss (Figures 3 and 4) . Morning fog exposure also resulted in the lowest morning and midday transpiration values due to the reduction in the leaf-to-air VPD, even when leaf conductance was greatest. Water potentials for evening-fogged plants remained greater than control plants despite no FU during the experiment. This suggests that some nighttime transpiration could be occurring on clear nights, which can be alleviated by fog and leaf wetness. The low transpiration and improved water potentials in response to fog are additional ways in which cloud-immersed environments improve plant functioning.
In addition to improvements in water status, fog improved plant carbon gain, particularly in the afternoon (Figures 3  and 4 ), possibly associated with greater leaf conductance for all experimental fog treatments. Saplings in the AF treatment had the greatest midday and afternoon net photosynthesis for both species. Moreover, afternoon leaf conductance was greater in both species than control plants no matter what time of day fog occurred (Figures 3c and 4d ). This greater leaf conductance led to greater midday and afternoon photosynthesis particularly on Day 8 in midday and afternoon measurements. In theory, cloud immersion could limit photosynthesis by drastically reducing incident sunlight or by water film formation that could restrict stomatal CO 2 uptake (Smith and McClean 1989) . This study builds on previous research demonstrating that due to the low light saturation points in A. fraseri and P. rubens (<400 µmol m −2 s −1 ) and the improved plant water status, maximum photosynthetic capacity can readily occur during cloud immersion (Johnson and Smith 2006 , Reinhardt and Smith 2008 , Berry and Smith 2013 . Enhanced photosynthesis during cloud immersion is also explained by the increased diffuse light that penetrates deeper into understories and is effectively utilized by the unique needle arrangement in Picea and Abies (Ishii et al. 2012) . Additionally, cloud immersion eases photoinhibitive stresses from high sunlight and temperature (Johnson and Smith 2006, Reinhardt and Smith 2008) .
Conclusions-climate change, cloud forests and FU
Based on regional climate models of the USA, southern Appalachian temperatures are projected to increase between 2.7 and 4.4 °C by the year 2100 (IPCC 2007 , US Global Change Research Program 2009 , depending on the emissions scenario. Many climate models also predict higher cloud ceilings and a reduction in cloud frequency through mid-latitudes, likely reducing the exposure of cloud forests to frequent fog (Still et al. 1999 , Foster 2001 , Richardson et al. 2003 , IPCC 2007 . The increase in temperature and reduction of fog will lead to non-analog climates by 2100, if not sooner. Less frequent cloud immersion will lead to a lesser reliance on fog water during periods of increased temperature and plant water demand. This study demonstrates that a reduction in cloud frequency may not be necessary for plants to have negative responses. Simple changes in the diurnal or seasonal frequency could negatively affect FU and associated ecophysiology. How A. fraseri and P. rubens are able to adapt to this warmer and dryer climate will likely dictate whether we see further retreat to higher elevations or even potentially a loss of the entire ecosystem.
This paper has demonstrated that FU only occurred when fog occurred during daytime hours and that more fog water was utilized if fog occurred during morning hours. While FU is now believed to be a widespread phenomenon, this study suggests that utilization of this direct water source may be reliant on additional interactive factors. Addressing what factors drive the direct utilization of fog water will be important in the future. Foliar uptake has now been demonstrated in over 70 species across numerous growth habits, phylogenies, morphologies and biomes (Goldsmith et al. 2013) . In many of these environments, FU seems like a strategy to alleviate water or temperature stresses for species adapted to milder and wetter climates, but this is not universal. Many of the suggested species are not from frequently foggy environments and, thus, simply having periods of leaf wetness may be a primary prerequisite. Foliar uptake and its associated ecological impacts should be examined across a greater number of species and ecosystems, as well as from an evolutionary perspective.
